Background
the study; had severe disease other than mild knee pain; were under treatment with a biological agent, such as an antibody preparation, for knee pain; and those judged inadequate to enter the trial by an orthopedist. After their eligibility was assessed by an orthopedist, candidates were invited to enroll in the trial. Candidates received detailed information about the purpose, methods, expected results, and ethical considerations (including possible adverse effects) relevant to the study. Written, informed consent was obtained from all participants.
This study was planned in cooperation with the funder and provider of the test supplements, Sunsho Pharmaceutical Co., Ltd. (Fuji, Shizuoka, Japan). This study was conducted according to the guidelines outlined in the Declaration of Helsinki. All procedures involving human subjects were approved by the Ethics Committee of Juntendo University Graduate School of Health and Sports Science (#26-13). The provider of the test supplements independently obtained study approval from their internal review board, Ethics Committee of Sunsho Pharmaceutical Co., Ltd., (#2014-6) and insured the clinical trial including product liability of the test supplements.
This study was registered at UMIN clinical trial register system (UMIN-CTR; ID UMIN000014413).
Study design
This study was a randomized, double-blind, parallel-group, placebo-controlled trial. Participants were randomly allocated to two groups, given krill oil (2 g/d) or a placebo supplement for 30 days, and were instructed to record their daily ingestion. The compliance was calculated according to the returned diary and remaining supplements. Participants were instructed to keep their lifestyle throughout the study period.
Subjective symptoms and blood and urine parameters were determined before and after the intervention. The subjective symptoms were assessed by the Japanese Knee Osteoarthritis Measure (JKOM) [11] and Japanese Orthopaedic Association (JOA) score [12] : these were taken as primary outcome. JOA scores subjective knee pain between 0 and 100 points in total; a higher score indicates less pain; the score ranges were pain on walking; 0-30, pain on ascending or descending stairs; 0-25, range of motion; 0-35, and joint effusion; 0-10 [12] . Secondary outcomes included the blood and urine parameters. The range of motion of the knee was included in the key secondary outcomes at registration, but was excluded from the protocol because of difficulty in consistent measurement between practitioners. Blood parameters assessed were blood count, serum aspartate transaminase (AST), alanine aminotransferase (ALT), γ-glutamyl transpeptidase (γ-GTP), uric acid (UA), urea nitrogen (UN), triglyceride (TG), total cholesterol (T-Cho), HDL-cholesterol (HDL-Cho), LDL-cholesterol (LDL-Cho), C-reactive protein (CRP), matrix metalloproteinase 3 (MMP-3), and hyaluronic acid, and plasma arachidonic acid (AA), eicosapentaenoic acid (EPA), di-homo-γ-linoleic acid, and docosahexaenoic acid (DHA). Urine specific gravity and pH were also measured.
Fifty participants, 25 per group, were enrolled in the trial. The number of the participants was set according to the report by Maki et al. [13] , in which the administration of krill oil (2 g/ d for 4 weeks) showed significant differences in the plasma EPA & DHA concentrations of 25 participants in the control and krill oil groups [13] .
Participants were randomly allocated to either the A or B group, with 25 participants per group using sealed opaque envelope containing a card printing either A or B at the enrollment. The director of the Fukushima Orthopedic Clinic allocated the group to take one envelop from the box in which the envelops were arranged in random manner at enrolment.
There were no issues raised which required stopping the trial. Three participants, two females (aged 61 and 68 y) and one male aged 54 y, resigned from the study after enrollment due to loss of interest in completing the study. They were all belonged to the placebo group. There was no apparent difference in demographic characteristics between dropped-out and remaining participants. The remaining forty-seven participants completed the interventions and examinations. The first and the last participants were enrolled in the trial on September 22, 2014 and February 23, 2015, respectively, and were followed until October 27, 2014 and March 22, 2015, respectively. Adherence to the test administration was more than 90% in every participant; therefore, all forty-seven participants were included in the subsequent analysis (Fig 1) .
After finalizing the included data, the key was opened. The participants and researchers, including orthopedists, were completely blinded from the enrollment to data finalization.
Test supplement
Superba™ Krill Oil (Aker BioMarine, Lysaker, Norway) was placed in soft-capsules (250 mg oil/ capsule). The placebo capsule was prepared by filling with the same amount of safflower oil (Nisshin Oillio Group, Ltd., Tokyo, Japan).
Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) contents in the krill oil and safflower oil for daily consumption (mg/d) were as follows: 240 mg EPA and 110 mg of DHA in krill oil, and 0 mg EPA and 0 mg of DHA in safflower oil.
The appearance of the krill oil and placebo capsules was indistinguishable. The test supplements for each participant were packed in an aluminum pouch and labelled either A or B. Participants ingested 4 capsules each at breakfast and dinner (8 capsules per day). The capsules were prepared and provided by Sunsho Pharmaceutical Co., Ltd. (Fuji, Shizuoka, Japan). The study key was kept confidential by the manufacturer until the included data was finalized. The manufacturer was not involved in the intervention, fixation, and analysis of the data.
Biochemical analysis
White blood cell (WBC), red blood cell (RBC), hemoglobin (Hb), hematocrit (Ht), platelet (PLT), mean cell volume (MCV), mean cell hemoglobin (MCH) and mean cell hemoglobin concentration (MCHC) were analyzed using a Sysmex XE-2100 hematology analyzer (Kobe, Japan). Serum AST, ALT, γ-GTP, UA, UN, TG, T-Cho, HDL-Cho, LDL-Cho, and CRP were analyzed using a H7700 biochemistry autoanalyzer (Hitachi High-Technologies Corporation, Tokyo, Japan). Serum MMP-3 and hyaluronic acid were analyzed using a JCA-BM6050 automated analyzer (JEOL, Tokyo, Japan). The hyaluronic acid concentration of two of the participants before administration was below the detection limit (10 ng/mL), and their concentration was set as 5 ng/mL for subsequent analysis. Plasma AA, EPA, di-homo-γ-linoleic acid, and DHA were analyzed using a LC-MS 8030 system (Shimadzu, Kyoto, Japan). Urine specific gravity and pH were measured using a US-3100R automated urine analyzer (Eiken Chemical, Tokyo, Japan).
Statistical analyses
Data were expressed as the mean ± standard deviation (s.d.) or likelihood estimated mean (LEmean) and standard error (s.e.). Mean differences between two independent groups were analyzed by a Student's t test or the Mann-Whitney U test according to the normality of the data; if normality was not hypothesized even in logarithmic-transformed data, the MannWhitney U test was applied. Mean differences between two related groups were analyzed by a paired t test or Wilcoxon's signed rank test according to the normality; if normality was not hypothesized even in logarithmic-transformed data, Wilcoxon's signed rank test was applied. Comparison of numbers between two groups was analyzed by the chi-square test using Fisher's exact probability.
In JKOM and JOA, some data were missing; the data was deleted in a listwise manner for JKOM (Q1-25) and JOA structured questionnaires. In Blood and urine analysis, blood count data was missing in one participant in krill oil group. Missing data was deleted from the analysis in a pairwise manner to compare mean difference between independent groups, and in a listwise manner to compare paired data.
The generalized linear model (GLM) was used to evaluate the effect of the supplement on changes in subjective symptoms (scores: after-(minus) before), controlling for age, sex, weight, and smoking (yes or no) and drinking (yes or no) habits. Every interaction was tested and included if it decreased Akaike's information criteria. Participants who used anti-inflammatory analgesics were excluded. Analysis was omitted for questions that all participants had the same score either before or after the administration in either group.
Statistical analysis was performed using IBM SPSS Statistics ver. 19 (IBM Japan, Tokyo, Japan). Values of P < 0.05 were considered significant.
Results

Participants
Participants (22 and 25, respectively) were assigned to the placebo and krill oil groups. There were no differences between the groups in baseline characteristics, e.g., anthropometric parameters and lifestyle (Table 1 ). All participants complained of mild knee pain but did not require pain medication.
Subjective symptoms
Both placebo and krill oil groups showed significant improvements in nearly half or more of the questions in the questionnaires after administration, except for JKOM in placebo group; improvement was significant in only 10 out of 27 items (Tables 2 & 3 ). Mean differences were observed in difficulty in putting socks (Q13) and heavy homework (Q18) in the JKOM scores between placebo and krill oil groups after administration ( Table 2) . Visual analogue scale asking the degree of knee pain. Mark an X at the level of pain during the last a few days in 10 cm horizontal line; left end (zero); "no pain at all", right end (ten); "the most severe pain you've ever had". In the JKOM questionnaire, all participants in krill oil group answered "Not at all" to Q21 "Did you limit doing things you usually do because of knee pain during the last one month?", Q22 "Did you despair of going outside somewhere close because of knee pain during the last one month?", Q23 "Did you despair of going outside somewhere far because of knee pain during the last one month?" and Q25 "Do you think that knee pain has been negatively affecting your health during the last one month? " (Table 2) In the JOA questionnaire, none of the participants presented with edema or swelling, score 10 for IV Joint effusion in right and left knees, except for one participant in the krill oil group before administration (Table 3) . The effects of placebo and krill oil administration on changes in scores after administration were compared by GLM, controlling for age, sex, weight, and smoking and drinking habits.
The changes in JKOM scores showed that the krill oil significantly mitigated pain and stiffness in knees (Q1-8) compared to placebo (Table 4) ; the LEmeans were generally smaller in krill oil group and even statistically significant in questionnaires Q3 "How often do you wake up in the night because of pain in your knees?" (P < 0.001) and Q8 "Do you have pain in your knees when standing?" (P < 0.001).
The opposite effects were observed in questionnaires Q14 "How long can you walk on a flat surface without taking a rest?" (P = 0.006) and Q19 "Have you gone to an event or to a department store during the last one month?" (P = 0.003). For Q14, the crude score after administration showed the mean score in krill oil group was smaller than placebo group and quite close to the smallest score of 1 (Table 2) , thus krill oil group should have better condition. Similarly, the crude mean score after the administration was smaller in krill oil group (Table 2) , and Q19 was a question asking the outdoor experience in a previous month which did not associate the knee pain directly. Therefore, the condition drawn from this question should be almost same or better in krill oil group.
The changes in JOA scores showed the range of motion was improved by krill oil compared to placebo in both right and left knees (both P = 0.011) ( Table 5 ).
Blood and urine parameters
Mean differences were not seen in blood count (WBC, RBC, Hb, Ht, PLT, MCV, MCH, MCHC), serum parameters (AST, ALT, γ-GTP, UA, UN, TG, T-Cho, HDL-Cho, LDL-Cho, CRP, MMP-3, and hyaluronic acid), plasma fatty acids (AA, EPA, di-homo-γ-linoleic acid, DHA and EPA/AA), and urine specific gravity and pH before administration (Table 6) .
After administration, EPA (P = 0.048) and EPA/AA ratio (P = 0.003) were increased and AA was decreased (P = 0.004) in the krill oil group, whereas EPA and EPA/AA ratio were reduced in the control group; EPA (P = 0.016) and EPA/AA ratio (P = 0.014). Thus, EPA (P = 0.007) and EPA/AA ratio (P = 0.040) were greater in the krill oil group compared to the placebo. Also, the mean concentration of di-homo-γ-linoleic acid (an n-6 fatty acid) was significantly reduced in the krill oil group (P = 0.005) ( Table 6 ).
After administration, RBC level was greater in the placebo group than the krill oil group (P = 0.047), whereas the change before and after administration was not significant in either group. In the krill oil group, WBC (P = 0.021), Hb (P = 0.018), and MCH (P = 0.008) were reduced significantly (Table 6 ), but none were outside of the reference ranges: WBC; 3300~9000/μL, Hb; Male 13.5~17.5 & Female 11.5~15.0 g/L, and MCH; 28.0~34.0 pg.
Hyaluronic acid showed an opposite change before and after administration depending on the group; the placebo group increased (P = 0.032) and the krill oil decreased (P = 0.013), but not significantly so (Table 6 ).
In the placebo group, TG decreased (P = 0.005) and HDL-Cho increased (P = 0.003); however, individual deviations were large and an obvious trend was not apparent (Table 6 ). Two participants exceeded the TG reference range of 30~149 mg/dL, with one decreasing to fall within the range. Also, only one female participant showed an increase from 82 mg/dL to 99 mg/dL, which exceeded the HDL-Cho reference range for females, 40~95 mg/dL.
The CRP level of participants was less than 1.0 mg/dL throughout the study except for two participants; one participant in the krill oil group had an initial CRP level of 1.69 mg/dL, which decreased to 0.03 mg/dL after administration, and the other participant in the placebo group had an elevated CRP level of 2.26 mg/dL after administration, from an initial level of 0.03 mg/dL. 
Discussion
Krill oil administration (2 g/d, 30 days) significantly improved mild knee joint pain assessed by JKOM and JOA compared to placebo. The plasma EPA and EPA/AA ratio increased and AA and di-homo-γ-linoleic acid decreased after administration. Hyaluronic acid increased in the placebo and decreased in the krill oil group. When changes in scores of subjective symptoms were compared by GLM controlled for age, sex, weight, and drinking and smoking habits, the improvements in krill oil group was more than those in placebo group in the pain and stiffness in knees and the range of motion of both right and left knees, significantly. In this study, subjective symptoms of knee pain were improved in both the placebo and krill oil groups. A placebo effect could have contributed to the overall results since perception of pain is susceptible to expectancy and conditioning [14] , and participants had been given an explanation of the expected effect of krill oil at enrollment. In a comparison of the effect of krill oil to that of the placebo, other possible confounding factors of knee pain were controlled for, such as age, sex, weight, smoking, drinking, and use of anti-inflammatory analgesics, and it was confirmed that krill oil significantly mitigated subjective symptoms of knee pain and range of motion of knees compared to placebo.
Previously, krill oil was reported to improve subjective knee pain in patients with systemic inflammation (CRP > 1.0 mg/dL): 300 mg/dL of krill oil reduced CRP levels in 7 days and mitigated WOMAC pain scores in 14 days to show a significant mean difference against placebo [10] . Sampalis et al. also reported that 2 g/d of krill oil administration improved knee pain by a self-assessment questionnaire for premenstrual syndrome (PMS) based on the American College of Obstetricians & Gynecologists diagnostic criteria in PMS women in 45 days; however, a significant difference was not observed compared to the control, the same amount of fish oil administration [15] .
Improvements of subjective symptoms observed in this study were mainly in accordance with previous reports [10, 15] . In contrast to the report by Deutcsh et al. [10] , participants of the present study presented with mild knee pain but most did not have systemic inflammation (CRP > 1.0 mg/dL) throughout the study, and a significant decrease in CRP levels was not observed. Further, the participants were recruited from adults complaining of knee pain but Table 6 . Blood and urine parameters before and after administration. not PMS. Therefore, improvement of knee pain should not be explained by improvement in systemic inflammation or PMS.
On the other hand, in the krill oil group, increases in plasma EPA and EPA/AA ratio were observed as expected from the report of Maki et al., in which the same effect was observed with the same amount of krill oil for 4 weeks [13] . Additionally, decreases in AA and di-homo-γ-linoleic acid were also observed. Therefore, this suggests that krill oil administration decreased the circulating n-6/n-3 ratio. As fatty acid-derived lipid mediators are involved in regulating inflammation, a decrease in the n-6/n-3 ratio is thought to suppress the production of more proinflammatory mediators [16] . In addition, krill oil contains astaxanthin and vitamins A and E: these antioxidants are known to suppress inflammation [17] . Therefore, kirll oil was suggested to mitigate subjective symptopms via anti-inflammatory activities.
Belo et al. conducted a systematic review of prognostic factors and confirmed a significant association between serum hyaluronic acid level and progression of knee osteoarthritis [18] . The kinetics of serum hyaluronic acid, observed as an increase in the placebo and a decrease in the krill oil group, could support the results of subjective symptoms: krill oil mitigated knee pain compared to placebo.
In this study, we recruited participants with mild knee pain from an orthopedic clinic located in a rural district of Japan. The lifestyle and environment of the participants, as well as their ethnic homogeneity, could affect the pathology and evaluation of subjective symptoms. The possible influence of dietary fatty acids should not be excluded since the diet was not controlled or assessed during the study; despite the instruction to keep their lifestyle was given. The subjective symptoms improved in both the krill oil and placebo groups, whereas the GLM model suggested that the krill oil improved mild knee pain better than the placebo. Improvement in knee pain is consistent with previous reports; however, the background of the participants was different. Additionally, the n-6/n-3 ratio could not be calculated for serum fatty acid composition was not measured. Therefore, in order to confirm and generalize the effect of krill oil, further study is needed.
In conclusion, this report demonstrated that krill oil could mitigate the subjective symptoms of mild knee pain. The suppression of proinflammatory lipid mediators and slowing of osteoarthritis progression were suggested by serum parameters. 
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